Abstract. Near infrared (NIR) multispectral imaging is a novel noninvasive technique that maps and quantifies dental caries. The technique has the ability to reduce the confounding effect of stain present on teeth. The aim of this study was to develop and validate a quantitative NIR multispectral imaging system for caries detection and assessment against a histological reference standard. The proposed technique is based on spectral imaging at specific wavelengths in the range from 1000 to 1700 nm. A total of 112 extracted teeth (molars and premolars) were used and images of occlusal surfaces at different wavelengths were acquired. Three spectral reflectance images were combined to generate a quantitative lesion map of the tooth. The maximum value of the map at the corresponding histological section was used as the NIR caries score. The NIR caries score significantly correlated with the histological reference standard (Spearman's Coefficient ¼ 0.774, p < 0.01). Caries detection sensitivities and specificities of 72% and 91% for sound areas, 36% and 79% for lesions on the enamel, and 82% and 69% for lesions in dentin were found. These results suggest that NIR spectral imaging is a novel and promising method for the detection, quantification, and mapping of dental caries.
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Introduction
Despite increased oral hygiene awareness, water fluoridation prevention programs, 1 and widespread availability of fluoride, 2 dental caries is still one of the most prevalent diseases worldwide, currently affecting 60 to 90% of schoolchildren and the vast majority of adults. 3 Dental caries is a dynamic disease manifesting as a demineralization of enamel, causing an increase in surface porosity. 4 While confined to enamel, the disease can still be arrested or reversed, and remineralization treatments are available; 5 however, if left untreated, it can progress to the underlying dentinal tissue, at which point surgical treatment may be required. Therefore, objective methods for early detection, assessment, and monitoring of the disease are needed to allow the early implementation of therapeutic interventions and to monitor treatment outcomes. The ability to avoid the need for surgical intervention has benefits for both patients and social medicine service budgets. 6 Visual inspection is routinely used by dental clinicians to detect and assess caries; however, this is a subjective measure and requires training. Traditional dental radiography is still the most widely used detection aid in dental practice but is inadequate for the detection of incipient demineralization. [7] [8] [9] Dental radiographs also carry a small risk of inducing malignant change in tissues. While such a risk is minimal, it should be considered against the context of the millions of such radiographs taken and the principle of taking radiographs only when they are of diagnostic benefit. Fiber-optic transillumination methods have been used as detection aids to visualize the internal contrast between sound and decayed regions within teeth, 9,10 but these do not allow an absolute quantification of lesions due to the heterogeneous light distribution within the tooth. Caries quantification methods based on electrical tooth impedance measurement 11, 12 and bacterial fluorescence related to dental caries 13, 14 have been also reported, but these only provide single point measurements and do not allow visualization of the lesion distribution. Such single point measurements are prone to errors, especially when longitudinally monitoring lesions, as it can be difficult to achieve identical repositioning between patient visits. Imaging methods based on the loss of natural light fluorescence in teeth as a result of light scattering in porous tissue, such as quantitative light fluorescence (QLF), 15, 16 have shown the ability to detect and quantify lesions. Optical methods are, however, affected by the presence of stain on teeth (especially occlusal surfaces) as it absorbs visible light, and some care is required in the interpretation of images.
The use of near-infrared (NIR) wavelengths has been explored as they show little absorption by stain and have a deeper penetration in teeth (the mean free path of the photons being ∼3 mm at 1310 and 1550 nm, while under 0.1 mm for visible wavelengths). [17] [18] [19] NIR transillumination imaging 20 has been shown to enhance lesion contrast visualization; in particular, quantification of lesion based on image contrast was used with line profile drawing and pre-knowledge on sound areas. Moreover, 1310-nm (NIR) wavelength optical coherence tomography (OCT) has been investigated as a possible method to measure backscattered light intensity in relation to dental porosity and provide cross-sectional structural information from the surface and sub-surface of teeth. [21] [22] [23] A recent study has demonstrated that NIR spectral imaging can be used to quantify and map lesion distribution and severity at both enamel and dentin levels. 19 Although the results were promising, this was an explorative study using hyperspectral imaging to find characteristic wavelengths for quantitative analysis, which would be impractical for use in the mouth. Moreover, specular reflections associated with tooth morphology impeded detection and crosspolarization has shown to remove their effect. 24 The aim of the current study is a) to simplify the optical design of that study and explore NIR cross-polarized multispectral reflectance imaging to remove specular reflections and b) to validate the sensitivity and specificity of the quantitative detection method using a combination of key wavelengths in an in vitro study against a histological reference sample.
Materials and Methods

Sample Preparation
A set of 112 extracted teeth (premolars and molars) with natural lesions was collected from the Oral Health Centre of the University of Indiana, USA. Soft tissues were removed and thoroughly cleaned at this facility. Each tooth was immediately placed in a solution of distilled water and 0.1% thymol to prevent bacterial growth. Teeth were selected according to their ICDAS score ranging from 0 to 4 with the objective of having all lesion severities from none to the dentin across the sample set, but scores were not included in the analysis. ICDAS is a visual caries-scoring system used to assess lesion severity by dental clinicians. 25 
Instrumentation
A diagram of the NIR imaging setup is shown in Fig. 1 . A near-infrared multispectral imaging system was built using an InGaAs camera (XEVA-FPA-1.7, XenICs), with a spectral response range from 0.9 to 1.7 μm, connected to a computercontrolled filter wheel with six filter positions. An extension tube with a NIR polarizer (Thorlabs NIR Linear Polarizer, 650 to 2000 nm) was mounted in front of the filter wheel. A 60-mm focal length NIR coated lens (Thorlabs AC254-060-C-ML) was used to focus the sample image, and an iris was attached in the front in order to increase the depth of field and reduce aberrations. The filter wheel was fitted with filters in the range from 1050 to 1600 nm, namely 1050, 1250, 1300, 1450, 1550, and 1600 nm. Two broadband halogen lamps emitting visible and NIR light up to 2.5 μm (Osram 300W Halogen lamps) at about 30 deg from the horizontal plane were used for the illumination system and polarizers were mounted in front of each lamp, both cross-polarized with respect to the camera polarizer. This removed specular reflections coming from the surface of the sample. A software application was developed for automatic image capture and filter selection.
Measurement Methodology
Each tooth was kept in the 0.1% thymol solution at room temperature before imaging. The samples were taken out of their bottles and placed on the sample holder only during measurement to prevent dehydration. Each tooth was placed with its occlusal surface facing the camera at a distance of 15 cm from the lens and air-dried for 15 s at approximately 5 cm to remove moisture from the enamel surface.
Histology
Tooth histology was used as the caries reference standard. It has a direct clinical relevance as it takes into account physiological and structural changes related to the carious disease.
A relevant occlusal area with a suspected lesion was selected based on the ICDAS criteria 26 by two dentists (J.G./R.E.) and used as a region of interest (ROI) on each tooth. In order to assess lesion severity at the specific point of interest, the individual teeth were mounted in acrylic resin blocks and hemisectioned in the bucco-lingual direction through the ROI using a 300-μm-thick diamond wheel saw (South Bay Technology Inc., USA). Color photographs of the hemi-sections were captured with constant illumination and magnification, as shown in Fig. 2 .
The images of the two hemi-sections obtained for each tooth were scored by two examiners (J.G./I.P.) until agreement was reached and the final score was based on the highest score identified for the ROIs. The score criteria used were S for sound, E1 for a lesion up to the outer half of the enamel, E2 for a lesion to the inner half of the enamel, EDJ for a lesion up to the enamel-dentin junction, D for a lesion in dentin.
19,27
Image Analysis
Images were pre-processed in order to obtain denoised and calibrated spectral reflectance images. Four reflectance standards at 2, 10, 50, and 99% (Avian Technologies Gray Scale Standards) were captured for each wavelength at the beginning of the study to linearize the camera intensity to reflectance values. Illumination intensity variations were corrected by capturing an image of the 50% reflectance standard before each measurement and compensating for the difference to a baseline reference value. A nonlinear Gaussian filter was applied to denoise the image. The heterogeneity of the illumination spatial distribution was corrected by calculating a spatial distribution factor based on the image obtained from the 50% reflectance standard.
Based on a previous study, 19 calibrated reflectance spectral images, R λ , at λ ¼ 1050 nm, λ ¼ 1450 nm, and λ ¼ 1600 nm were combined to generate a first functional image to detect the existence of a carious lesion, S e , and a second functional image to quantify the severity of the detected caries lesion, S d . They were calculated as follows: 
where i and j are the coordinates of each pixel of the images. In the above equations, R 1600 provides information on the light scattered by the surface (which would be related to enamel lesions), while R 1450 provides information on both the light scattered by the surface (due to enamel lesions) and the attenuation of light due to water absorption (which would be related to dentin lesions). Note that the natural brightness of each sample is also accounted by normalizing the images by R 1050 . Figure 3 shows example images for S e and S d . A caries map, S caries , was then obtained by identifying presence or absence of caries using S e and quantifying it using S d , combined as follows:
if S e < th e S d ði; jÞ; otherwise ;
where th e is the threshold for S e to detect presence of lesions. The precise threshold value is found following the statistical analysis described in the next section.
Although the selection of wavelengths and Eqs. (1) and (2) are based on a previous publication, 19 the need of empirical factors for S caries is eliminated in here by calculating the thresholds based on the statistical analysis described below.
Statistical Analysis
A region of interest was selected for each caries map corresponding to the site of the most representative histological hemi-section. The maximum S caries value inside the region was used as the S caries score for the tooth. Teeth were sorted by histological score with the odd and even entries split into two subsets: training sample set (56 teeth) and test sample set (56 teeth). This allowed for an equal lesion severity distribution across both sets.
ROC curves were calculated on the training sample set to find detection thresholds corresponding to the best Youden's index (sensitivity þ specificity − 1) for each histology level, namely E1, E2, EDJ, and D; an ideal index value would be 1. Note that using this same methodology, th e was calculated from S e at the E1 histology detection level and subsequently used to generate S caries maps as described in Eq. (3).
A three-level detection analysis was implemented with these thresholds in order to investigate the ability of the NIR imaging system to classify (a) areas with no lesion (S caries ¼ 0), (b) areas with enamel lesion (0 < S caries < th d ), and (c) areas with dentin lesion (S caries ≥ th d ). Here th d corresponds to the threshold value for the detection of lesions at the D histology level as calculated from S caries . Areas with enamel lesion include cases with demineralization in the outer half of the enamel (E1), inner half of the enamel (E2), and at the enamel-dentin junction (EDJ). A confidence table was computed for the three-level classification to calculate the sensitivity and specificity of NIR against histological reference standard.
The S caries threshold optimized for the training sample set was then applied to the test sample set to produce an unbiased classification analysis and evaluate the ability of the method proposed on an independent (test) set of data.
Spearman's correlation was used to investigate the relationship between the histological and the S caries scores.
Results
Examples of near-infrared maps are shown in Fig. 4 . A line on the related color picture indicates the location where the tooth was sectioned, corresponding to the ROI where the S caries score was obtained. The three cases in Fig. 4 show increasing lesion severity in the histology sections, and this is reflected on the S caries score as expected. The maps show a continuous scale above zero as severity increases. Values of zero on the S caries map are therefore registered as sound; values above zero and below th d ¼ 0.0718 (0 < S caries < 0.0718) are registered as enamel lesions; otherwise, as dentin lesions. Figure 5 shows boxplots of S caries and histological scores for the training and the test sets. The mean and the standard deviation of the S caries values for each histological score are presented in Table 1 . In Table 2 , confidence tables for these two sets are also shown. 
For the test sample set, the highest Youden's index found was 0.64 at the E1 level. S caries shows high sensitivity (91%) and good specificity (73%) at detecting lesions at the outer half of the enamel (E1) and above. Moreover, severe demineralization (D) was detected with 83% sensitivity and 70% specificity. Results for another possible NIR score, S d , are shown. S d is proposed as a simplification of the score system but equally efficient (values for the area under the ROC curve ranged from 0.91 to 0.96), less sensitive to sound sites but more sensitive at detecting dentinal lesions. This is because S caries has a higher specificity at the E1 level and therefore higher sensitivity at identifying sound areas, which results from the performance of the enamel threshold, th e for S e , as described in Eq. (3). Note in Table 3 a higher sensitivity (95%) and specificity (69%) for S d at the E2 histological level and also at the dentin level (87% and 67%).
In Table 4 , values of sensitivity and specificity for S caries and S d are shown both for training and test sets divided in three detection levels: (a) sites with no lesions; (b) sites with lesions at the outer half of the enamel, reaching the inner half of the enamel or reaching the EDJ; and (c) areas with lesions in dentin. This table is computed by applying the thresholds for detection of lesions at E1 level (S caries > 0) and at D level (S caries ≥ 0.0718).
S caries had a sensitivity and specificity of 99% and 93% for sound tissue, 57% and 99% for enamel lesion, and 96% and 79% for dentin lesion detection on the training sample set. On the test sample set, S caries had a sensitivity and specificity of 73% and 91% for sound tissue, 36% and 79% for enamel lesion, and 83% and 70% for dentin lesion detection. S d performed very similarly, with a lower sensitivity at detecting sound sites but higher sensitivity for dentin lesions, as shown in Table 4 . Significant Spearman's correlation coefficients of 0.774 (p < 0.01) between S caries and histological scores and of 0.765 (p < 0.01) between S d and histological scores were obtained. Fig. 5 Boxplots of S caries against histological scores. S caries scores from (a) training set and from (b) test set. The red horizontal lines represent the S caries threshold (th d ) at the D histology level, calculated based on the training sample set and applied to the test sample set. The D histology level is here decomposed in its components: D1 (first third of dentin); D2 (second third of dentin); and D3 (last third of dentin). The NIR reflectance multispectral imaging method detects the change in porosity of the surface (a proxy for measure for mineral loss within enamel 4 ) and reveals the presence of cavities under the surface, thus producing a detailed map of caries of the occlusal view of the tooth. Superficial changes in porosity would result in an increase of light scattering, whereas larger cavities would act as water reservoirs. Moreover, at longer wavelengths the scattering from sound enamel reduces, gaining a deeper penetration in the tissue. Presence of water in the lesion can be detected by NIR light absorption, resulting in reflectance attenuation, particularly at about 1450 nm. It is judged that the increase of light scattering at 1600 nm may be used to account for superficial changes in porosity and therefore the difference between the reflectance at 1600 nm and at 1450 nm could explain the discrimination observed between enamel mineral loss and dentinal lesion. The initial near-infrared hyper-spectral study carried by Zakian et al. 19 revealed the caries detection ability of different wavelengths in the NIR spectrum.
Although the results reported previously using NIR reflectance imaging were promising, the study employed a small sample set of 12 teeth. A sensitivity and a specificity of >99% and 87.5% for enamel lesions and 80% and >99% for dentin lesions were reported. Note that as there was no split between training and test sample sets, the equivalent sensitivity and specificity in this study would be the one for E1 level (93% and >99%, respectively) and the one for D level (96% and 79%, respectively) in the training set in Table 3 .
In this study, the image quality and detection ability are improved by adding a system of cross-polarization of light in order to remove specular reflections. These reflections from the tooth surface acted as noise, preventing the lesions from being detected in affected areas. Moreover, on the study reported by Zakian et al., 19 empirical factors including the threshold values were applied to the algorithm that prevented generalization of the model. A considerable increase in the sample population, from 12 to 112, allowed more powerful statistical analysis and robust assessment of the technology. In order to evaluate the use of this method throughout the different disease stages, a full range of lesion severity was included in this study: 23 teeth were sound; 43 had lesions in the E1 (4), E2 (17), or EDJ (22) ; and 46 had dentin lesions. The diagnostic dilemma is separating enamel from dentin lesions, and hence it is important to identify lesions just into dentin (1∕3 or so up to pulp) as lesions larger than this may trigger operative interventions. Similarly, failing to detect this kind of lesions may lead unnecessary procedures to be carried out. Optimum thresholds were obtained quantitatively based on the ROC curves using the training sample set and applied to the test sample set. The use of two Table 3 Values of thresholds, areas under the curve, sensitivities, specificities, and Youden's indices at each lesion level (for histology score greater or equal to E1, E2, EDJ, or D) are shown for S caries and S d . Results are divided in training sample set (half of the sample population on which thresholds were calculated) and test sample set (remaining half of sample population on which thresholds were applied). Table 4 Values of sensitivities and specificities at three lesion levels (for histology scores equal to S, E1 þ E2 þ EDJ or D) are shown for S caries and S d . Results are divided in training and test sample sets, as for Table 3 .
Training set Journal of Biomedical Optics 076009-6different sample sets for calculating the performance allows for an unbiased analysis where the test sample set is independent from the training sample set and represents the more realistic scenario where caries quantification would be performed on cases never measured before. It has been therefore shown that S caries can be free of empirical factors, meaning that these findings are directly applicable to any new sample set. The three-level detection statistical method 27 used in here can further inform the dental clinicians for a better decision-making. Computed on the test sample set, the S caries score system results are specific (91%) at detecting sound sites, meaning that unhealthy sites are truly detected as unhealthy and has a good performance at detecting demineralized dentin tissue (sensitivity of 83% and specificity of 70%). Although quite specific (79%) at detecting enamel demineralization sites, both incipient and progressed (E1 to EDJ), the sensitivity is low (36%). This can be partly due to the limited presence of early enamel lesion cases in the sample set, affecting the threshold decision procedure (ROC curves) and therefore reducing the ability to discriminate between sound and incipient demineralization. This is a common issue for in vitro studies since the collection of samples with incipient natural lesions would mainly result from extractions due to orthodontic reasons. However, the low sensitivity is mostly due to severe lesions in the EDJ that were detected as dentin lesions. An example is shown in Fig. 6 . Consequently, this decreases the value of specificity at detecting dentin. The probable cause of this issue is that the NIR method quantifies severity based on the presence of water. If a lesion is severe and confined in the tissue at an EDJ level, it might contain more water than incipient lesions and S caries would yield higher values.
Other cases of overscoring are presented. As shown in Fig. 7 , enamel breaks or enamel defects are detected as lesions even if scored as sound by histology. Note that the evaluation of the histological sections remains a subjective process but is, however, accepted as a gold standard. Scores are given on the basis of lesion depth and cannot give information on activity in the lesion or remineralization of the tissue (it is broadly based on color changes in the tooth structure rather than assessment of infected or affected tissues). Although more studies on the NIR response on remineralized tissue are required, when the tissue is remineralized, a reduced porosity is expected and therefore lower scattered light could be detected and scored as sound. However, if there is enamel breakdown, this might be detected as a lesion even if scored as sound with histology, as shown in the top image in Fig. 7 .
Very few cases of underscoring were reported, an example is shown in Fig. 8 . Underscoring can be due to an excess of moisture filling the porous tissue, reducing the amount of light scattering at 1600 nm and lowering the values for S caries . Although Chung et al. 28 suggested that use of reflectance to determine lesion depth was inappropriate due to a reduced penetration of light in the presence of lesions, this would not explain the overall behavior observed in our study. In fact, using the spectral difference between R 1600 and R 1450 allows for a clear distinction between dentin lesions under overlying enamel lesions, as R 1450 is affected by water even in presence of scattering due to surface porosity. Moreover, the relative combination of specific wavelengths for imaging reduces the influence of the natural tooth reflectance variations on the quantitative caries score. This approach allows for an automated distinction between sound tissue and demineralized tissue without requiring the input of a user to preselect specific regions of interest such as sound areas surrounding the lesion or sound edges at the extreme ends of a line profile drawn for quantification. This is aimed to reduce any source of subjective information introduced about the tooth in the method.
From the results obtained in this study, it was observed that higher severity corresponded to higher demineralization. In most cases this would coincide with increased depth, but this is not necessarily true, as in the examples shown in Figs. 6 and 9.
Unlike single-point measurement devices, the lesion mapping ability of the technique presented can be an instantaneous visual enhancement tool for the clinicians. Mapping the tooth using NIR light can help to discriminate between a stained healthy site and a site with stained-carious tissue. In Fig. 10 , two examples of stained teeth are shown. In the first case (top images), the color image shows a stained fissure pattern that covers the lesion as mapped by S caries , while in the second case (bottom images) the stain pattern is invisible to the lesion pattern indicated by S caries . This suggests that stain is neither increasing nor decreasing the S caries measurement. In both cases stain negligibly absorbs NIR light 19, 29 and S caries maps the lesions present at different levels demonstrating that the stain does not interfere with the NIR imaging. Stain is the biggest confounding factor in techniques using visible light such as QLF and DIAGNOdent, as well as clinical inspection and FOTI and DIFOTI. Moreover, NIR light is noninvasive and can be used as frequently as required. The restrictions of this technique may be the presence of large enamel breaks, such as macroscopic holes on the surface. As already reported in Zakian et al., 19 this case is easily detectable with visible inspection to which this technique is suggested as an adjunct to support decision-making. It, however, performs efficiently in the case of microcavities, where microscopic holes on the enamel, difficult to detect, are channels to extended severe caries in dentin.
Detection improvements can be investigated by modifying the measurement procedure and the detection algorithm. This technique ideally requires dry enamel in order to detect the Fig. 8 Example of underscoring. Color picture (a); histological section (b); and S caries map (c) of a tooth with dentin lesions that was scored by S caries as demineralized up to the inner half of enamel. Possibly the presence of water in the enamel attenuated the reflectance at 1600 nm. presence of water in dentin. Further studies can be undertaken with a dynamic drying system computer-controlled for concurrent monitoring of the signal. The results are encouraging and other types of carious lesions could be assessed in future work, such as fluorosis and approximal lesions.
Conclusions
In this study, 112 teeth were examined with the NIR multispectral imaging and hemi-sectioned to validate this technique against a histological reference sample. NIR can detect sound tissue with sensitivity and specificity of 73% and 91%, enamel lesions with 36% and 79%, and dentin lesions with 83% and 70%.
This NIR technique is noninvasive, stain insensitive, and it has the ability of mapping the tooth showing the presence of lesions and giving a continuous caries score pixel by pixel. This technique can be a tool for detection of early to severe caries, can help the clinician in first assessment and dental health monitoring, can give information on the location of the lesion for targeted treatment procedures, and can enhance communication with patients, as recently recognized and suggested as an essential objective for dental practitioners. shown. These cases demonstrate the ability of S caries to detect dental caries through stain. S caries is able to map dentinal lesions underneath a layer of stained tissue as seen in the upper case. The tooth shown in the bottom is used to confirm that the map is not affected by stain as the stain pattern visible in the corresponding color image is not reflected in the map. Arrows show how the stain does not interfere with the detection of the spread dentinal lesion underneath.
